Abstract During meiotic prophase I, interactions between maternal and paternal chromosomes, under checkpoint surveillance, establish connections between homologs that promote their accurate distribution to meiotic progeny. In human, faulty meiosis causes aneuploidy resulting in miscarriages and genetic diseases. Meiotic processes occur in the context of chromatin; therefore, histone post-translational modifications are expected to play important roles. Here, we report the cytological distribution of the evolutionarily conserved DOT1L methyltransferase and the different H3K79 methylation states resulting from its activity (mono-, di-and tri-methylation; H3K79me1, me2 and me3, respectively) during meiotic prophase I in mouse spermatocytes. In the wild type, whereas low amounts of H3K79me1 are rather uniformly present throughout prophase I, levels of DOT1L, H3K79me2 and H3K79me3 exhibit a notable increase from pachynema onwards, but with differential subnuclear distribution patterns. The heterochromatic centromeric regions and the sex body are enriched for H3K79me3. In contrast, H3K79me2 is present all over the chromatin, but is largely excluded from the sex body despite the accumulation of DOT1L. In meiosis-defective mouse mutants, the increase of DOT1L and H3K79me is blocked at the same stage where meiosis is arrested. H3K79me patterns, combined with the cytological analysis of the H3.3, γH2AX, macroH2A and H2A.Z histone variants, are consistent with a differential role for these epigenetic marks in male mouse meiotic prophase I. We propose that H3K79me2 is related to transcriptional reactivation on autosomes during pachynema, whereas H3K79me3 may contribute to the maintenance of repressive chromatin at centromeric regions and the sex body.
Introduction
Meiosis is a specialized cell division that generates haploid gametes required for sexual reproduction because two rounds of chromosome segregation are preceded by a single phase of DNA replication. In order to accomplish this reduction in the number of chromosomes, a sequence of finely regulated, coordinated and monitored events takes place. Thus, the unique meiotic prophase I is the most prolonged and elaborate stage of meiosis, during which pairing, synapsis and recombination between homologous chromosomes occur (Cohen et al. 2006) . Meiotic recombination begins with programmed DNA double-strand breaks (DSBs), introduced by Spo11 and accessory proteins (Keeney 2008) . In many organisms, including budding yeast and mouse, meiotic DSBs trigger a complex program in which their repair is coupled to homologous chromosome pairing and synapsis. Interactions between homologs are stabilized by a proteinaceous structure, the synaptonemal complex (SC), which keeps homologs tightly associated during pachynema and facilitates completion of crossover recombination to generate physical linkages required for the subsequent accurate segregation (Pawlowski and Cande 2005) . Progression and completion of meiotic events are monitored by checkpoints, specific surveillance mechanisms that block meiotic Electronic supplementary material The online version of this article (doi:10.1007/s00412-013-0438-5) contains supplementary material, which is available to authorized users. progression in response to defects and, in the case of Metazoa, lead to apoptosis of aberrant meiocytes avoiding generation of aneuploid gametes (Hochwagen and Amon 2006; Macqueen and Hochwagen 2011) .
Meiotic recombination takes place in the context of chromatin; accordingly, several histone post-translational modifications (PTMs) have been found to influence various aspects of meiosis (Bolcun-Filas and Schimenti 2012; Brachet et al. 2012 ). For example, there is an association between trimethylation of histone H3 at Lysine 4 (H3K4me3) and the determination of meiotic DSB sites, mediated by the Set1 complex and its subunit Spp1 in yeast (Borde et al. 2009; Acquaviva et al. 2013; Sommermeyer et al. 2013 ) and the meiosis-specific histone H3 methyltransferase PRDM9 in mouse (Baudat et al. 2000; Grey et al. 2011; Smagulova et al. 2011) .
Another histone PTM with a known meiotic function is the methylation of H3K79 mediated by Dot1 in Saccharomyces cerevisiae . In yeast, H3K79me is largely dispensable for unperturbed meiosis, but it is essential for meiotic recombination checkpoint function (San-Segundo and Roeder 2000; Ontoso et al. 2013) . Dot1 is the only methyltransferase responsible for catalyzing mono-, di-and trimethylation at H3K79 in a non-processive manner (Lacoste et al. 2002; van Leeuwen et al. 2002; Ng et al. 2002; Frederiks et al. 2008 ). To date, there is no demethylase known capable of reverting H3K79me. With a few exceptions -such as Schizosaccharomyces pombe, which lacks Dot1 and H3K79me -this histone methyltransferase has been conserved through evolution; the mammalian homolog is called DOT1L (for Dot1-like) Jones et al. 2008) . In human cells and Drosophila, DOT1L/dDot1 has been isolated forming part of a large macromolecular complex, DotCom, which modulates its activity (Mohan et al. 2010 ). DOT1L-mediated H3K79me performs important roles in transcriptional regulation (Steger et al. 2008; Kim et al. 2012a ) and affects multiple biological processes (Nguyen and Zhang 2011) . In particular, DOT1L activity is involved in embryonic development and differentiation (Jones et al. 2008; Barry et al. 2009 ), cardiac function , hematopoiesis (Feng et al. 2010; Jo et al. 2011) , cell proliferation and aging (Kim et al. 2012b ) and chondrogenesis (Castaño Betancourt et al. 2012) . Alteration of DOT1L function is related with some types of mixed lineage leukemia (Okada et al. 2005; Krivtsov et al. 2008; Bernt et al. 2011) , neural tube defects (Zhang et al. 2013 ) and osteoarthritis (Castaño Betancourt et al. 2012) . The discovery of an increasing number of pathologies related with altered DOT1L-mediated H3K79me patterns points to DOT1L as a promising therapeutic target (Daigle et al. 2011; Yao et al. 2011; Anglin et al. 2012) . However, little is known about DOT1L activity in mammalian meiosis; only a study on H3K79me2/3 in mouse oocytes and preimplantation embryos has been reported (Ooga et al. 2008) .
Here, we report the characterization of DOT1L localization and the chromatin distribution of the distinct H3K79 methylation states (me1, me2 and me3) during meiotic prophase I in spermatocytes of wild-type mice and various meiotic mutants. Our results reveal a progressive increment of DOT1L activity as prophase I advances, and the existence of differential spatio-temporal patterns for H3K79me2 and H3K79me3. Furthermore, the comparison of the distribution of these epigenetic marks with that of the H3.3, γH2AX, macroH2A and H2A.Z histone variants hints at a functional contribution of H3K79me2 and H3K79me3 to the characteristic transcriptional states of the different subnuclear territories in spermatocyte nuclei.
Materials and methods

Mice
Animals in this study were of C57BL/6 background or C57BL/ 6 X 129/Sv mixed background. The Spo11β-only transgenic mice, the hypomorphic Trip13 mod/mod , and the Spo11 −/− and Dmc1 −/− null mice were previously described (Pittman et al. 1998; Baudat et al. 2000; Roig et al. 2010; Kauppi et al. 2011) .
To minimize variability due to strain background in the studies involving mutant mice, experimental animals were compared to control animals from the same litter. Experiments conformed to relevant regulatory standards and were approved by the MSKCC Institutional Animal Care and Use Committee.
Immunofluorescence
Mouse testicular cells were prepared for surface spreading and subsequent immunofluorescence as previously described (Barchi et al. 2005) , with slight modifications. Testis cell preparations were resuspended in 0.1 M sucrose were added onto glass slides previously coated with a 1% paraformaldehyde, 0.1% Triton X-100 solution, incubated for 3 h in a humidified chamber at room temperature, rinsed in 0.4% Kodak Photo-Flo 200 and dried briefly. Slides were treated with blocking/antibody dilution buffer (B/ADB: 2 mg/ml BSA, 0.05% Tween-20, 0.2% gelatin in PBS) for 30 min at room temperature, and incubated overnight at 4°C with the primary antibody diluted in B/ADB. After four washes of 5 min with B/ADB, slides were incubated with the secondary antibody diluted in B/ADB for 1 h at 37°C in the dark. After four washing steps again, slides were mounted in Vectashield mounting medium (Vector) with 5 μg/ml DAPI. Images were captured using an Axio2 microscope (Zeiss) connected to a CCD camera and processed using the SlideBook software package (Intelligent Imaging Innovations).
The following primary antibodies and dilutions were used. Rabbit polyclonal anti-DOT1L (ab64077; 1:200 dilution), anti-H3K79-me1 (ab2886; 1:1,000 dilution), anti-H3K79-me2 (ab3594; 1:2,000), anti-H3K79-me3 (ab2621; 1:2,000 dilution), anti-histone H3 (ab1791; 1:100), and anti-histone H3.3 (ab62642; 1:400) were from Abcam. Mouse monoclonal anti-γH2AX (05-636; 1:800), rabbit polyclonal anti-H2A.Z (07-594; 1:400) and rabbit polyclonal anti-macroH2A (07-219; 1:400) were from Millipore. Mouse monoclonal anti-SYCP3 (sc-74569; 1:500) was from Santa Cruz and goat polyclonal anti-SYCP3 (1:400) was from Terry Ashley.
The following secondary antibodies conjugated with Alexa Fluor were from Molecular Probes and used at 1:200 dilution. Anti-rabbit-AF488 (A-21206), anti-mouse-AF594 (A-21203), anti-mouse-AF647 (A-31571), and anti-goat-AF594 (A-11058).
Quantification of fluorescence intensities of individual nuclei was performed with the ImageJ 1.47f software (National Institutes of Health, USA; http://imagej.nih.gov/ij/). The contours of the nuclei, the centromeric areas and the sex bodies were identified based on DAPI and SYCP3 staining. The intensity values within these regions of interest were quantified. Background signal was subtracted using the Otsu's entropy threshold methods in ImageJ. This threshold tool was also used to reproducibly outline without bias the more intense DAPI-stained centromeric regions and the sex body, as shown in Fig. 2 . The parameters used for quantification purposes were the integrated density (the result of multiplying the area by the mean of the fluorescence intensity values) and the percentage of area with signal from the total area of interest.
For graphs showing centromeric regions/uncondensed chromatin ratios ( Fig. 2e and Fig. S4 b, d ), a threshold was fixed in every image; then, the percentage of area with DOT1L or H3K79me signal was obtained for all the centromeric regions and a mean value was calculated (numerator). The signal was also measured for the uncondensed chromatin (the whole nucleus except the centromeric regions and the sex body) (denominator). Finally, a ratio between these two values was calculated for each nucleus. The graphs show the mean of these ratios.
For graphs showing XY body/whole nucleus ratios ( Fig. 2f and Fig. S4 a, c) a threshold was fixed in every image. The percentage of area with DOT1L or H3K79me signal was obtained for the XY body (numerator), and for the remaining of nucleus (denominator). A ratio between these two values was calculated for each nucleus. The graphs show the mean of these ratios.
For pairwise comparisons of mutants versus controls, twotailed Mann-Whitney tests were applied and P values were calculated using the GraphPad Prism 5.0 software (http:// www.graphpad.com/).
Bioinformatics
The protein sequence alignment was performed with CLUSTALW (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
The PDB ID references for human nucleosomes containing histone variant H3.1, H3.2 and H3.3 are 3AFA, 3av1 and 3av2, respectively (Tachiwana et al. 2010 (Tachiwana et al. , 2011 
Results
Spatial and temporal patterns of DOT1L and H3K79me distribution during meiotic prophase I To investigate the localization of mammalian DOT1L and the associated mono-, di-and tri-methylation of histone H3 at lysine 79 (H3K79me1, me2, and me3, respectively), we performed immunofluorescence of surface-spread meiotic chromosomes from wild-type mouse spermatocytes. We tracked SYCP3, a component of the axial/lateral elements of the SC (Lammers et al. 1994) , to define the stage of prophase I of each spermatocyte nucleus based on the degree of synapsis exhibited by the chromosomes (Fig. 1 and Fig. S1 ). At the beginning of prophase I, short stretches of SYCP3 start to develop during leptonema. At zygonema, synapsis of homologs begins and thickened SYCP3 areas along the already synapsed regions are detected. At pachynema, synapsis between the autosomes is completed, resulting in a thick and uniform SYCP3 signal. A subnuclear domain formed by the sex chromosomes, the so-called "XY body" or "sex body", begins to emerge around the end of zygonema, and is fully formed in pachynema. This chromosome pair displays a short synapsed area on a limited distal region of homology, the pseudoautosomal region (PAR). The PAR exhibits thickened SYCP3 staining, whereas a thinner signal is visible along the unsynapsed non-homologous regions (e.g., see yellow arrows in Fig. 1a and Fig. S1 , where the sex body is pointed). At diplonema, homologs progressively desynapse revealing spaces between the SYCP3 axes, but they still remain joined at chiasmata sites where crossovers have occurred. In addition, from late pachynema, but more evident during diplonema, the chromosomes show thickenings at the ends, which correspond with their attachment to the inner nuclear membrane (Liebe et al. 2004) . Meanwhile, in the sex body desynapsis also occurs, the X and Y chromosomes are joined end-to-end, and the X chromosome shows thickenings along its length (Fig. S1 , diplotene panels). At diakinesis-metaphase I, SC disassembly is general, SYCP3 staining is mainly concentrated at the centromeric areas, and only remnants persist on chromosome arms. The X chromosome remnants are the last ones to disappear (Fig. S1 , diaki.-meta. panels) (Parra et al. 2004; Barchi et al. 2008 ).
First, we monitored DOT1L localization throughout meiotic prophase I (Fig. 1a) . Interestingly, we found a progressive increment of the association of this histone methyltransferase with meiotic chromatin correlating with the progression through prophase I stages. DOT1L nuclear staining started at very low levels at leptonema, increased slightly in zygonema, followed by a dramatic increment in DOT1L levels at pachynema and, especially, during the diplonema and diakinesis stages (Fig. 1a) . The sex body exhibited particularly dynamic patterns, detailed below.
Next, we analyzed the distribution of the three possible methylated states of H3K79 resulting from DOT1L action: H3K79me1, -me2 and -me3 (Fig. 1b, c and d, respectively) . Overall levels of H3K79me1 were uniformly weak at all stages (Fig. 1b) . In contrast, H3K79me2 exhibited a progressive enrichment concurrent with prophase I progression, achieving relatively strong staining during pachynema, diplonema and diakinesis/metaphase I (Fig. 1c ). H3K79me3 staining also intensified during meiotic prophase I, reaching the highest levels in diakinesis/metaphase I (Fig. 1d ).
These observations indicate that overall levels of chromatinassociated DOT1L and H3K79 methylation undergo significant change during male mouse meiotic prophase I. The enrichment of DOT1L is accompanied by higher amounts of two particular methylation states, H3K79me2 and H3K79me3; however, their dynamics and subnuclear distribution were different.
We examined DOT1L and H3K79me in more detail starting from the stage when they became more abundant, pachynema, and focused on the distinctive chromatin regions that can be distinguished according with their intensity of DAPI staining and chromosome positioning, marked by SYCP3. In this way, we discriminated areas with weaker DAPI fluorescence signal, corresponding to euchromatin and encompassing most of the autosome domains. On the other hand, subnuclear territories with more intense DAPI staining were classified into two groups: the constitutive heterochromatin located at the centromeric regions surrounding one end of each mouse autosome (which are telocentric; Kalitsis et al. 2006) , and the facultative heterochromatin of the sex body (differentially outlined in Fig. 2a-d) . We quantified the signal intensity of DOT1L and the different H3K79me states in the DAPI-bright regions relative to the remaining chromatin (Fig. 2e) . Strikingly, we found that, as soon as the large centromeric regions became apparent after midzygonema, they exhibited strong accumulation (about 7-fold) of H3K79me3 (Fig. 2d, e) . These areas continued to be highly trimethylated at H3K79 through metaphase I, enclosing the centromere-proximal SYCP3 remnants (Parra et al. 2004 ). Furthermore, strong H3K79me3 staining could be still detected at the chromocenter in round spermatids (Fig. 3) . In contrast, neither DOT1L, H3K79me1, nor H3K79me2 showed this centromeric accumulation (Fig. 2a-c) , with ratios relative to euchromatin regions close to 1 (Fig. 2e) , denoting a more uniform distribution between both types of subnuclear territories.
Sex body development involves massive chromatin remodeling events to establish a heterochromatin configuration that leads to a transcriptional inactivation program, the so-called "meiotic sex chromosome inactivation" (MSCI) (Handel 2004; Turner 2007) . Little is known about the contribution of DOT1L and H3K79me to MSCI, so we analyzed their distribution in the sex body from pachynema to metaphase I ( Fig. 2a-d, f) . At pachynema, the amount of DOT1L in the sex body was roughly at the average level of the rest of the nucleus, but during diplonema and at diakinesis-metaphase I it significantly increased (2-and 4-fold, respectively) (Fig. 2a, f) . H3K79me1 maintained a stable, relatively uniform pattern over the entire nucleus at all stages (Fig. 2b, f) , while H3K79me2 was underrepresented in the sex body from pachynema up to diakinesis/ metaphase I (Fig. 2c, f) . Finally, XY-associated H3K79me3 started at low amounts during pachynema, matched autosome levels at diplonema and reached a 2-fold higher level at diakinesis-metaphase (Fig. 2d, f) . In more advanced stages of spermatogenesis, such as in round spermatids, the more intense DAPI-stained territory adjacent to the chromocenter contains the sex chromosome X or Y (Greaves et al. 2006) . We found that H3K79me3 was also detected in this region, although at lower levels than in the chromocenter (Fig. 3) .
Thus, DOT1L and the ensuing H3K79me states exhibit characteristic spatio-temporal dynamics suggestive of possible differential roles during male mouse meiotic prophase I.
Impaired DOT1L localization and H3K79 methylation patterns in meiotic mutants
To determine whether DOT1L and H3K79 methylation patterns are functionally tied to meiotic progression and/or recombination, we examined mutants affected at different stages during meiosis: Spo11β-only, Trip13 mod/mod , Spo11 −/− and Dmc1 −/− (Fig. 4, Fig. S2 , S3 and Fig. 5 , respectively; ordered from the one that reaches the furthest stage to the mutant with the least progression). These mutants exhibit defects in synapsis and/or recombination, with different degrees of severity that are incompatible with a successful meiosis program and lead to widespread checkpoint-induced arrest and apoptosis before the first meiotic division. The arrest point varies in the different Fig. S1 ). In a , the sex body is indicated by a yellow arrow. Quantification of the signal intensity for DOT1L and the different H3K79me states is shown in arbitrary units (a.u.) on the right graphs. Each dot in the scatter plot indicates the value for an individual nucleus. The central horizontal line is the median. Scale bar: 10 μm male mouse mutants, but all are infertile (Barchi et al. 2005; Burgoyne et al. 2009; Handel and Schimenti 2010; Kauppi et al. 2011 ).
Spo11 β-only
The Spo11 −/− Tg(Xmr-Spo11β B ) +/+ transgenic mouse (hereafter, Spo11β-only) exclusively expresses the Spo11β splice variant, which is capable of supporting crossing-over, pairing, and synapsis normally in autosomes, but is defective in promoting late, efficient DSB formation specifically at the PAR (Kauppi et al. 2011) . Spo11 β-only spermatocytes frequently display X-Y association defects that trigger the spindle checkpoint causing apoptosis at metaphase I, so few spermatocytes reach later stages (Kauppi et al. 2011) . We analyzed DOT1L localization and the H3K79me state in Spo11β-only from leptonema to diplonema (Fig. 4 and Fig. S4a, b) . Consistent with prior results, although some sperm were seen (note the sperm head in the lower left corner of the zygotene panel in Fig. 4a, asterisk) , few spermatocytes at diakinesis or more advanced stages were found. Also as described previously, the X-Y chromosomes were unsynapsed in most sex bodies (surrounded in yellow in Fig. 4) . Spo11β-only spermatocytes showed DOT1L staining similar to wild type: little or no signal at leptonema and zygonema, but significant signal during the pachytene and diplotene stages with accumulation at the sex body especially in diplotene nuclei ( Fig. 4a and Fig. S4a ). H3K79me1 also showed no significant differences from control spermatocytes (Fig. 4b) . In contrast, overall H3K79me2 levels were reduced in Spo11 β-only diplotene nuclei relative to the wild type, although close to the control values for the remaining stages (Fig. 4c) . As in the control, the H3K79me2 signal in the Spo11β-only sex body was lower than the average for the rest of the nucleus (Fig. S4a) . Finally, although H3K79me3 staining in Spo11 β-only displayed the characteristic increasing trend throughout prophase I progression, the levels were significantly reduced during pachynema and diplonema (Fig. 4d) . Nevertheless, H3K79me3 was enriched at centromeric regions in the mutant (Fig. 4d and Fig. S4b ).
Trip13 mod/mod
We analyzed mice carrying a hypomorphic mutation of the yeast PCH2 ortholog, Trip13 , referred to as Trip13 mod/mod for "moderate" defect (Li et al. 2007; Roig et al. 2010) . Trip13 mod/ mod males show apparently fully synapsed chromosomes, but there is inefficient repair of meiotic DSBs, aberrant SC development and abnormal sex body formation, triggering a checkpoint response that leads to meiotic arrest and apoptosis at pachynema (Li et al. 2007; Wojtasz et al. 2009; Roig et al. 2010) . We found no significant differences between wild type and Trip13 mod/mod spermatocytes with respect to either distribution or amount of DOT1L, H3K79me1, H3K79me2 or H3K79me3 in leptotene through pachytene spermatocytes (Fig. S2a, b , c, and d, respectively; too few spermatocytes at diplonema or further are found in this mutant, precluding analysis of later stages). H3K79me3 localization in the sex body and centromeric regions was also unaltered (Figs. S2d and S4c, d). In every group of panels, the left column is for either DOT1L or each particular H3K79me state (white ), with the centromeric areas (centromeres) outlined in green, and the sex body outlined in yellow and marked with an arrow. The central column is the merging of SYCP3 (red) and DAPI (blue), with the centromeric areas (centromeres) outlined in white and the sex body in yellow. The right column additionally displays DOT1L or the corresponding H3K79me state in green. Yellow asterisks mark an adjacent cell. Scale bar: 10 μm. e Ratio of the area of centromeric regions containing DOT1L or H3K79me signal, relative to the area of the remaining uncondensed autosomal chromatin domains with the corresponding signal. f Ratio of the area of the sex body with DOT1L or H3K79me signal, relative to the area of the whole nucleus with signal (excluding the sex body). A more detailed explanation of quantification could be found in the Materials and methods section. Pac pachynema, Dip diplonema, Di.-Me. diakinesis-metaphase I. Error bars are the standard error of mean (SEM)
This mutant lacks the evolutionary-conserved Spo11 transesterase that catalyzes meiotic DSBs, so it exhibits no meiotic recombination and fails in homolog pairing and synapsis. These defects trigger a DNA damage-independent checkpoint that leads to apoptosis at the zygotene-pachytene transition, a socalled zygotene-like stage (Baudat et al. 2000; Romanienko and Camerini-Otero 2000) . We examined Spo11 −/− spermatocytes from leptotene to the zygotene-like stage, dividing the latter into two classes: early, with shorter SYCP3 stretches and low levels of axial association; and late, with full-length SYCP3 and extensive aberrant non-homologous synapsis (Fig. S3) . We found only very low levels of DOT1L and H3K79me1 staining throughout these stages in the Spo11 −/− mutant (Fig. S3a, b ). H3K79me2
and H3K79me3 increased slightly at the zygotene-like stage (Fig. S3a, b) , but in all cases, the signal intensity of DOT1L and all H3K79 methylation states was significantly reduced in the Spo11 −/− mutant (Fig. S3 ).
Dmc1
−/−
The Dmc1 −/− mutant fails to repair meiotic DSBs and exhibits impaired synapsis, leading to arrest and apoptosis in a zygotene-like stage similar to that of Spo11 −/− (Pittman et al. 1998; Yoshida et al. 1998 ). However, molecular markers have revealed differences between the arrests in these two mutants. Specifically, unlike Spo11 −/− , Dmc1 −/− spermatocytes maintain the TopBP1 and γH2AX DNA damage checkpoint factors associated with chromatin, lack the H1t histone variant, and do not establish pseudo-sex bodies (Barchi et al. 2005) . Therefore, although both mutants undergo apoptosis at a cytologically similar zygotene-like stage, molecular events indicate that Dmc1 −/− spermatocytes are arrested earlier. We monitored DOT1L and H3K79me in Dmc1 −/− from leptotene to zygotene-like stages (Fig. 5) , divided into early and late categories, as above. Similar to Spo11 −/− , we found that the levels of DOT1L and all the H3K79 methylation states were significantly lower than in the wild-type control, especially in late zygotene-like spermatocytes (Fig. 5) .
Sex body-specific dynamics of H3K79me3 and particular histone variants To achieve MSCI, chromatin remodeling takes place in the sex body during pachynema. Histone H3 plays an important role in this process, via eviction of the canonical H3.1 and H3.2 forms and replacement by the H3.3 histone variant. As a consequence of this replacement, the PTMs carried by the H3.1/H3.2-H4 tetramers are removed; thus, the chance to establish new marks and/or the need to recover some of the lost ones emerges (van der Heijden et al. 2007 ). Other histone variants, such as H2A.Z, macroH2A and γH2AX, also exhibit remarkable changes during sex body development (HoyerFender et al. 2000; Fernandez-Capetillo et al. 2003; Greaves et al. 2006) . Therefore, we compared the spatio-temporal pattern of DOT1L-dependent H3K79me3 at the sex body with that of those specific histone variants.
In agreement with previous observations (van der Heijden et al. 2007), we found an approximately 4-fold enrichment for the H3.3 variant in the sex body during pachynema and diplonema (Fig. 6a, c) . The incorporation of H3.3 appeared to be exclusive for the sex body, since the centromeric regions did not show any particular accumulation of this histone variant (Fig. 6a) . Total histone H3 distribution at these stages remained more uniform (Fig. 6b, c) .
We found that the progressive enrichment of DOT1L in the sex body from early diplonema correlated with a decrease in γH2AX (Fig. 7a) . In addition, the strong accumulation of H3K79me3 in the sex body during diakinesis-metaphase coincided with the complete disappearance of detectable γH2AX signal (Fig. 7b) . Therefore, these two histone PTMs (H3K79me3 and γH2AX) are largely mutually exclusive, at least in the sex body. During these stages, H3K79me2 remained low and the H3K79me1 was uniformly weak (see above; Fig. 2b, c) .
Finally, we analyzed the dynamics of the histone H2A variants macroH2A and H2A.Z in the sex body. The macroH2A variant defines heterochromatin areas, is enriched in the sex body from pachynema onward, participates in MSCI and disappears at later stages during diakinesis-metaphase I (Hoyer-Fender et al. 2000) (Fig. S5a) . In turn, it has been reported that the expression of H2A.Z begins in pachynema and peaks in round spermatids, supporting a role for H2A.Z in maintaining MSCI after disappearance of macroH2A and γH2AX (Greaves et al. 2006) . We found H2A.Z all over the nucleus, except for strong exclusion from the sex body during pachynema and early-mid diplonema (Fig. S5b, c) . Then, H2A.Z became progressively more abundant in the sex body starting in late diplonema, reaching the same overall levels as the rest of the chromatin during diakinesis-metaphase I (Fig. S5b, c) . Therefore, whereas H3K79me3 exhibits limited coexistence with macroH2A at the sex body, its accumulation at this region correlates with the deposition of H2A.Z during late prophase I.
Discussion
In this report, we describe the localization of the histone methyltransferase DOT1L during male mouse meiotic prophase I. Since Dot1/DOT1L can mono-, di-, or tri-methylate H3K79, we also followed the dynamics of each individual methylation state resulting from DOT1L activity. Our cytological analyses show that the association of DOT1L with meiotic chromatin increases as prophase I progresses.
Interestingly, although the H3K79me2 and H3K79me3 states, but not H3K79me1, also display a progressive increment, they show remarkable differences with respect to the subnuclear distribution, particularly in autosomal chromatin domains, centromeric chromatin, and the sex body. A summary of DOT1L localization and H3K79me patterns throughout prophase I is depicted in Fig. 8 . The findings suggest that each H3K79 methylation state may have a specific role during mammalian spermatogenesis. This highly dynamic scenario contrasts with the situation in yeast, where global levels of H3K79me do not significantly change during meiosis (Ontoso et al. 2013) . Although the precise chromosomal distribution of the different methylation states remains to be tested in yeast, it Fig. 7 Accumulation of γH2AX and DOT1L/H3K79me3 at the sex body display largely opposite dynamics. Representative nuclei for pachytene, diplotene and diakinesis-metaphase I stages stained with antibodies to DOT1L (white ) and γH2AX (purple ) in a , or antibodies to H3K79me3 (white) and γH2AX (purple) in b. The merged images of SYCP3 (red) and DAPI (blue) are also shown. The XY body is outlined in yellow. Scale bars: 10 μm.
is likely that DOT1L activity during male mouse meiosis is subjected to a more complex regulation.
H3K79me3 in the sex body
Of the extensive chromatin remodeling that accompanies MSCI during early pachynema (Handel 2004; Turner 2007) , one of the most dramatic changes is the replacement of histone H3.1/2 by the H3.3 variant, which implies the loss of most of the PTMs already established in the XY chromatin and the opportunity to introduce novel or additional marks (van der Heijden et al. 2007 ). Tri-methylation of histone H3 at other sites, such as H3K27, is among the repressive PTMs lost from the XY body during pachynema (van der Heijden et al. 2007 ). We find that the gradual increase of DOT1L all over the nucleus is especially evident in the sex body from diplonema onwards, coincident with the pronounced accumulation of H3.3. The H3.3 histone variant differs from H3.1 or H3.2 only in five or four amino acids, respectively (Fig. S6a) , and the H3K79 position, as well as the structure of nucleosomes containing either one of these three H3 variants, is conserved ( Fig. S6b-d) (Tachiwana et al. 2011) . Moreover, in somatic mammalian cells, the presence of K79me1 and K79me2 in H3.3 has been reported (Hake et al. 2006; Sweet et al. 2010; Zee et al. 2010) . Therefore, since DOT1L is the only methyltransferase known for H3K79, it is conceivable that DOT1L is responsible for the extensive tri-methylation of the H3.3 variant at K79 in the sex body during the late stages of meiotic prophase I (Figs. 1 and 2 ). We note that there is a temporal shift between the prominent localization of DOT1L in the sex body (at diplonema) and the strong accumulation of H3K79me3 (at diakinesis). The additional regulation of DOT1L activity and/or substrate accessibility by other histone PTMs (i.e., H2BK120 ubiquitylation; McGinty et al. 2008) may account for this displacement. H3K79me3 has been related with transcriptional repression in mammalian somatic cells (Barski et al. 2007 ). The H3K79me3 enrichment at the XY pair takes place during the diplotene/diakinesis transition when the staining for γH2AX and the repressive macroH2A variant becomes weaker. Nevertheless, it is possible that, although undetectable with our spreading technique, at least a fraction of these histone variants remains associated with the sex chromosomes until later meiotic stages, as occurs in other mammalian species (de la Fuente et al. 2007 Namekawa et al. 2007 ). Conversely, H2A.Z, which is initially excluded from the sex body, arrives at this location at the same time as H3K79me3 accumulates. Most of the gene repression started with MSCI remains at postmeiotic stages, and may be linked with imprinted X-inactivation, although a subset of sex chromosome genes is upregulated postmeiotically (Namekawa et al. 2006; Mueller et al. 2008) . As has been proposed for H2A.Z (Greaves et al. 2006 ) and other chromatin modifications, such as H3K9me2 and the recruitment of the heterochromatin proteins HP1β and HP1γ (Namekawa et al. 2006) , our results are consistent with a role for DOT1L-mediated H3K79me3 in maintaining silencing of sex chromosomes from diplonema onwards. Curiously, in yeast, H2A.Z and H3K79 methylation also collaborate in the maintenance of differentiated chromatin domains contributing to the establishment of boundaries between the subtelomeric silenced chromatin and the active euchromatin (van Leeuwen et al. 2002; Ng et al. 2003; Meneghini et al. 2003) . On the other hand, we demonstrate that the H3K79me2 mark, which is related with active transcription in somatic cells (Kouskouti and Talianidis 2005; Miao and Natarajan 2005; Zhou et al. 2011) , remains largely excluded from the sex body with a faint signal only during late prophase I and metaphase I stages, presumably corresponding to the small fraction of X-linked genes expressed after MSCI (Mueller et al. 2008 ).
H3K79me3 at the centromeric heterochromatin
H3K79me3 also exhibits strong enrichment in the constitutive heterochromatin at centromeric regions during meiotic prophase I. This tendency was also reported in mouse somatic cells and oocytes, where H3K79me3 colocalizes with the heterochromatin protein HP1β (Ooga et al. 2008) . Another histone PTM associated with transcriptional silencing, such as H3K9me3 (Cowell et al. 2002; Wu et al. 2005) , similarly accumulates at centromeric regions during mid-prophase I . However, this mark has a wider localization all over the nucleus until mid-pachynema and, unlike H3K79me3, displays a reduced signal in the sex chromosomes from mid-pachynema onwards , coincident with the replacement of H3.1/2 by H3.3. These observations are consistent with a specific role for H3K9me3 in transcriptional repression of the autosomes during early prophase I, and together with H3K79me3 in the establishment of centromeric heterochromatin. However, whereas the H3.3 newly incorporated at the sex body appears to be a favorable substrate for DOT1L and becomes highly tri-methylated at K79 during diplonema/diakinesis, it does not seem to be a target for the Suv39h methyltransferases responsible for H3K9me. Additional histone PTMs at centromeric regions, such as H3K9me2, H4K5ac and H4K16ac (ac, acetylation) also undergo particular dynamics during meiotic prophase I (Khalil and Driscoll 2010) . Therefore, distinctive PTM combinations could set up spatial and temporal control of transcriptional repression or (re)activation during particular stages (Greaves et al. 2006; Namekawa et al. 2006; van der Heijden et al. 2007; Mueller et al. 2008; Khalil and Driscoll 2010; Page et al. 2012) . Our results suggest that DOT1L-dependent H3K79me3 also impinges on this exquisite control. Consistent with a role for H3K79 methylation in heterochromatin formation it has been shown that DOT1L-deficient mouse embryonic stem cells possess reduced levels of constitutive heterochromatin marks, such as H4K20me3, at subtelomeric regions (Jones et al. 2008) . Since DOT1L appears to be the only methyltransferase responsible for H3K79me in mouse (Jones et al. 2008) , it is somehow surprising that the accumulation of H3K79me3 at centromeric domains does not correlate with stronger DOT1L staining in these regions. It is possible that the crosstalk with other(s) centromeric-specific histone PTMs may stimulate DOT1L activity specifically at these locations to reach higher levels of the maximum methylation state (i.e., H3K79me3). Alternatively, slower dynamics of histone H3 replacement at centromeres could also explain the accumulation of H3K79me3 (De Vos et al. 2011) .
A potential role for H3K79me2 in autosomal transcriptional reactivation
In contrast to H3K79me3, we found a rather homogeneous distribution of H3K79me2 all over the nucleus, except for the exclusion from the sex body. Similar widespread localization has been described in mouse oocytes (Ooga et al. 2008 ). H3K79me2, like H3K4me3 and various H3 acetylation events, are characteristic marks of active genes in mammalian somatic cells (Kouskouti and Talianidis 2005; Miao and Natarajan 2005; Zhou et al. 2011) . The H3K79me2 increase that we detect starting at pachynema and following DOT1L accumulation coincides temporally with the general transcriptional reactivation occurring on autosomes during the transition from mid to late pachynema and continuing in diplonema ). In addition, H3K79me2 distribution during prophase I exhibits a similar spatio-temporal pattern to that of H3K9ac and the active form of RNA polymerase II (RNAPII), both strongly associated with active transcription . Furthermore, human DOT1L functionally interacts with actively transcribing RNAPII, which targets the methyltransferase to active genes (Kim et al. 2012a) . Therefore, widespread DOT1L-dependent H3K79me2 from pachynema onwards could be an additional element contributing to the resumption of transcription in autosomes when recombination intermediates are resolved and characteristic marks, like γH2AX, and Dmc1/Rad51 foci, disappear. Alternatively, it could be also possible that accumulation of H3K79me2 is a consequence of transcriptional reactivation.
H3K79 methylation in challenged meiosis
Dot1/DOT1L-mediated H3K79me has multiple functions in a variety of biological processes from yeast to mammals (see Introduction; Nguyen and Zhang 2011) ; but the functional contribution of Dot1 to meiosis has been investigated mostly in budding yeast. Dot1 is not required in unperturbed meiosis, but is essential for the checkpoint responses to the accumulation of unrepaired meiotic DSBs and synapsis defects that occur in yeast dmc1 and zip1 mutants, respectively (SanSegundo and Roeder 2000; Ontoso et al. 2013) . Unlike other chromatin marks, e.g., γH2AX, neither DOT1L nor H3K79me showed evidence for relocalization or redistribution in various mouse mutants defective at different steps in prophase I. The reduced levels of DOT1L, H3K79me2 and H3K79me3 at the latest stage of development reached in Spo11 −/− and Dmc1 −/− mutants are likely the consequence of the arrested meiosis that hampers the progressive accumulation of DOT1L observed in the wild type (Fig. 8 ). Higher levels of H3K79me2/3 are present in the Spo11β-only mouse, which shows milder meiotic defects, compared to the severely affected and prematurely arrested Spo11 −/− and Dmc1 −/− mutants, which barely accumulate those marks. The fact that DOT1L-dependent H3K79 modifications do not relocalize to sites of unrepaired DSBs or unsynapsed chromosomes in these mutants does not preclude a role for DOT1L in the mammalian checkpoints responding to meiotic defects. Actually, in the synapsis-defective zip1 mutant of budding yeast, global H3K79me levels do not change compared with the wild type, despite the essential role of Dot1-dependent H3K79me in the checkpoint response promoting the zip1 meiotic delay (Ontoso et al. 2013) . Furthermore, in the DNA damage checkpoint triggered by unrepaired DSBs in somatic cells, a similar situation exists, because neither global nor local changes in H3K79 methylation occur, despite its role in the recruitment of mammalian 53BP1 or yeast Rad9 checkpoint adaptors (Huyen et al. 2004; Wysocki et al. 2005) . Models involving chromatin remodeling events that locally expose methylated H3K79 residues under certain faulty circumstances have been invoked to explain these findings (Huyen et al. 2004; Wysocki et al. 2005; Ontoso et al. 2013 ). In the yeast zip1 mutant, Dot1 promotes the accumulation of the HORMAD1/2 homolog Hop1 on unsynapsed axes to enable activation of the Mek1 checkpoint effector kinase. H3K79me-dependent chromosonal exclusion of the Trip13-homolog Pch2 contributes in part to the regulation of Hop1 localization (Ontoso et al. 2013) . Although Pch2's checkpoint role is not restricted to yeast and it also exists in worms and flies (San-Segundo and Roeder 1999; Bhalla and Dernburg 2005; Joyce and McKim 2009) , no evidence of the participation of Trip13 in mouse meiotic checkpoints has been found so far (Li et al. 2007; Roig et al. 2010) . Therefore, if DOT1L also performs a meiotic checkpoint function in mouse it is unlikely to be exerted via Trip13 regulation.
Concluding remarks
Although functional interpretations from cytological analysis must be taken with caution, our results are consistent with a role for DOT1L and H3K79me at least in the special dynamics of chromatin repression/(re)activation that takes place during male mouse meiotic prophase I. Our observations open several intriguing questions, and more work needs to be done to expand our knowledge about DOT1L and H3K79me meiotic function(s) and regulation. For example, how is the same methyltransferase responsible for two methylated stages at the same target with such different roles? Undoubtedly, a fine regulation must be involved, perhaps mediated through the crosstalk with neighboring PTMs and/or histone variants in each moment and location. Alternatively, or in addition, the several DOT1L splicing isoforms in mice (Zhang et al. 2004) may have different affinities and/or requirements for catalytic activity, or the regulation could be imposed by other components of the DotCom complex (Mohan et al. 2010) . Since DOT1L-knockout mice are not viable and die by embryonic day 10.5 (Jones et al. 2008) , the development of conditional testis-specific DOT1L-deficient mice would be an invaluable tool to address the functional contribution of H3K79me to various meiotic events.
